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Abstract 
The design, fabrication, and performance characterization of a micro-tubular solid oxide fuel cell 
(SOFC) are presented. The cell has a yttri stabilized zirconia (YSZ), electrolyte, a nickel/YSZ cermet 
anode, and a lanthanum strontium manganate (LSM) cathode. The cathode compartment is supplied 
with atmospheric air, and the anode compartment fueled with hydrogen at a constant rate of 20 ml/min. 
The cell is operated for more than two hours at a constant voltage of 0.5 V at a temperature of 800°C. 
The operation of the cell through several thermal cycles is steady and the rate of degradation cell is low. 
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1. Introduction 
A fuel cell is a high efficient energy conversion 
device that produces direct current electricity from 
the electrochemical combination of fuel with an 
oxidant. It is a device that will operate continuously 
so long as reactants are supplied to its electrodes, 
distinguishing its operation from that of a battery 
which becomes discharged after a finite period of 
operation. The concept of a fuel cell is first 
proposed by Sir William Grove in 1893 [1]. 
Development of the technology in the intervening 
years has been relatively slow and despite 
providing power on board the Apollo space craft, 
fuel cells have yet to make a serious impact as 
commercial products. However, increasing 
awareness of the need to move to more sustainable 
and secure methods of electricity generation have 
provoked more intense interest and investment in 
the technology, to the extent that in a  recent UK 
government white paper, fuel cells is cited as one 
of the key technologies to the nations future energy 
policy [2]. The US Solid State Conversion Alliance 
(SECA) project alone will involve 800 million 
dollars of investment in fuel cell technology by 
2010 [3,4]. 
Over the past two decades there has been 
heightened concern over the problems posed by 
diminishing fossil fuel reserves and global warning 
caused by emissions of greenhouses gases such as 
Carbon dioxide. This has led to the pursuit of 
alternatives to the combustion of hydrocarbons for 
electricity generation and transport, leading some 
to propose a move towards a “Hydrogen 
economy”. The notion of a Hydrogen economy 
involves a society where Hydrogen, generated from 
renewable sources, is the main energy carrier. Due 
to their high efficiencies fuel cells have been 
proposed as the devices to convert the Hydrogen to 
electricity at the point of use for stationery 
applications and to provide power for 
transportation. The major advantage of such a 
system is that the only emissions from the 
conversion of Hydrogen to electricity would be 
water. Other advantages of moving from 
centralized electricity generation to distributed 
generation include increased security of supply and 
utilization of the waste heat for space or water 
heating. The efficiency of fuel cells emanates from 
the fact that the conversion of the chemical energy 
to electrical energy happens in a single step, unlike 
in conventional fossil fuel power stations where 
there are many intermediate energy conversion 
steps. Avoiding these intermediate steps reduces 
the irreversible losses of energy to the atmosphere 
and enables fuel cells to achieve efficiencies in the 
region of 40-60%. The efficiency of high 
temperature fuel cells can be further increased by 
utilizing the high grade heat produced in the fuel 
cell in a downstream device such as gas turbine. 
This high efficiency means that even before 
Hydrogen becomes readily available, fuel cells 
fuelled by hydrocarbons should be able to reduce 
emissions of Carbon dioxide compared to 
conventional power stations. Fuel cells produce 
negligible or undetectable amounts of nitrous 
oxides and should also produce less noise pollution 
than conventional generators [5,6]. 
 
2. Operation of solid oxide fuel cell 
The Solid Oxide Fuel Cell is made up of a solid 
ceramic electrolyte which separates two electrodes 
as shown in Figure 1-a. This electrolyte is most 
commonly made from yttri stabilized zirconia, 
YSZ, whilst a Nickel/YSZ cermet, and Lanthanum 
Strontium Manganate, LSM, are the materials 
commonly used for the anode and cathode 
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Fig. 1. Tubular Solid Oxide Fuel Cell  (a) Configuration of the cell  (b) Operation of the cell. 
respectively. To generate electricity an oxidant, 
usually Oxygen, is fed to the cathode were it 
accepts electrons from the external circuit, to form 
Oxygen ions as shown in Figure 1-b. These ions 
are then transferred through the electrolyte to the 
interface with the anode where they react with a 
fuel. This reaction at the anode releases electrons 
that travel through the external circuit to the 
cathode resulting in the production of direct-current 
electricity. In order to produce a significant amount 
of power, individual cells are connected together to 
form a stack. Hydrogen is normally used as a fuel, 
with Oxygen supplied in air as the oxidant. 
By definition SOFCs have a solid electrolyte 
which eliminates the electrolyte management 
problems associated with Phosphoric Acid Fuel 
Cell (PAFC), and Molten Carbonate Fuel Cell 
(MCFC). The high operating temperature enables 
relatively inexpensive electrode materials to be 
used in contrast to PEM cells which require 
expensive Platinum. Whilst the need to use pure 
Hydrogen, which is not readily available, is a major 
challenge to the implementation of low temperature 
fuel cells, the SOFC is capable of using other fuels. 
Carbon monoxide can be oxidized by SOFCs 
which enables them to be fuelled with reformed 
hydrocarbons or to use the catalytic properties of 
the Nickel anode to reform hydrocarbons within the 
cell. A further advantage of the high operating 
temperature of the SOFC is that the hot exhaust 
gases can be utilized in a downstream process such 
as a gas turbine to increase the overall system 
efficiency to in excess of 70% [7]. 
 
3. Fabrication of the cell 
Figure 2 shows the whole design of 
microtubular SOFC used in the experiment. The 
cell has an internal diameter of approximately 2 
mm and 55 mm long. The electrolyte is 8 mol% 
ytrria stabilized Zirconia (8YSZ) formed into a 
tube by an extrusion process resulting in a wall 
thickness of approximately 0.2 mm after firing.  
The anode is prepared as a slurry ink by 
vibromilling nickel oxide (44 wt.%), 8YSZ (12%), 
acetone (41.4%) and KD2 surfactant to form an ink 
which is injected into the electrolyte tube with a 
syringe, dried at 378 K and sintered at 1573 K for 1 
h. A second composition of anode containing more 
nickel oxide (47%), 3.2% cerium oxide and less 
8YSZ (6%) is vibromilled in the same way and 
deposited on the first layer to enhance electronic 
conductivity and to help match the anode and 
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Fig.  2.  Design of a microtubular SOFC. 
    Fig. 3.  Experimental Setup of Micro Tubular SOFC. 
electrolyte thermal expansion coefficient [8]. To 
make the cathode, La0.5Sr0.5MnO3 (44%) is mixed 
with 8YSZ (12%), acetone (42%) and KD2 
surfactant (1.2%) and vibromilled to form an ink 
which is painted on the outside of the electrolyte 
tube. A second layer containing 58% lanthanum 
strontium manganite, 40.7% acetone and 1.2 % 
KD2 is vibromilled and deposited on top of the first 
layer, dried at 378K and sintered to 1373K to 
improve electronic conductivity.  
 
 
 
 
 
 
 
 
 
 
 
 
 
4. Experimental Apparatus 
In  order to control  the temperature of  a  SOFC  
during single cell testing a furnace is constructed as 
shown in Figure 3. 
The furnace comprises of two refractory bricks that 
are hollowed out to house electrical elements and a 
small manifold to hold a micro-tubular SOFC. The 
heating elements are constructed from Kanthal 
ribbon, with resistivity 5.476 Ohm m-1 would 
around supporting alumina tubing. These heating 
elements are connected to a power supply fitted 
with a temperature control device. A thermocouple 
positioned alongside the SOFC is also connected to 
the temperature controller so that power supply to 
the heating elements could be adjusted such that 
the temperature in the furnace was maintained to a 
programmed set point temperature. 
Silver wire is connected from the Nickel mesh 
at the anode of the cell to a potentiostat. The wire 
from the cathode is connected to the other terminal 
of the potentiostat which completed the external 
circuit between the anode and cathode. 
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Fig.  5. Voltage and Current for micro Tubular SOFC. 
The Potentiostat allowed an electrical load to be 
introduced to the circuit in order to test the 
electrical output from the cell. The fuel is supplied 
to the inlet manifold through a system of mass flow 
controllers which allowed the cell to be supplied 
with Hydrogen.  
 
5. Results & Discussion 
The overall cross-section of a fractured cell 
revealed by scanning electron microscopy (SEM) 
is shown in Figure 4. 
The anode is reduced by heating the SOFC in air at 
20 K min-1 to 800 οc  such that the nickel oxide 
was not reduced prematurely. Then hydrogen is 
passed into the anode compartment at 20 ml min-1 
for 20 min to ensure that all the nickel oxide in the 
anode is reduced into nickel metal. The open 
circuit voltage is 1.12 V. The current is then drawn 
from the cell using the potentiostat to plot out the 
V-I curve as shown in Figure 5. The current at 0.5 
V is 1.06 A.  The cell is operated for more than two 
hours at constant voltage of 0.5 V as in Figure 6 
and it cleared that the cell degradation is a quite 
steady reading of current which indicated that there 
is no degradation of this cell.   
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.  4.  SEM cross-section of a microtubular SOFC. 
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Fig.  6. Current degradation with time of a cell at constant voltage 0.5 V. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
6. Thermal Cycling 
In principle, fuel cells are subjected to rapid and 
repeated thermal cycles where the compatibility 
and integrity of the components are tested. As 
many as hundreds of cycles can be expected in 
short period span of time, this usually leads to 
stress accumulation in component and 
subsequently material degradation and failure [9].  
It becomes imperative therefore that the 
mechanism of degradation be studied and 
remedied. Repeated thermal cycling of fuel cells 
are known to significantly degrade anodes over a 
short period of time. The anode of most state-of-
the-art solid oxide fuel cells is a cermet of Nickel 
oxide and yttria stabilized zirconia, during thermal 
cycling they each expand or contract by different 
indexes, causing tension and rupture at the 
interface [10]. The open circuit voltage of the cell 
was measured at 1.18 V then current was drawn at 
0.5 V. Cycling proceeded by running the cell in 
hydrogen for 5 min and subsequently shutting off 
the fuel supply for 3 min in order for the anode to 
re-oxidize. Figure 7 shows the values of current 
and voltage plotted as a function of time, a peak 
current of about 0.72A is observed. At 400˚C 
infinitesimal current can be drawn from the cell, in 
the range of 0.05A and at 500˚C, about 0.12A. This 
is particularly good as it suggest that with 
improved electrolytes and anode support structures, 
SOFCs can run at much lower temperatures. 
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Fig.  7. Graph of Current/ Voltage and Time. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7. Conclusions 
A micro tubular Solid Oxide Fuel Cell (SOFC) is 
fabricated and tested at high temperature of 800 
οc is presented. The current at 0.5 V is 1.06. The 
SOFC is operated for more than two hours at 
constant voltage of 0.5 V and it cleared that the cell 
degradation is a quite steady. In addition, the 
SOFC is operated under several thermal cycling 
and it appeared the degradation of the cell is quite 
steady.  
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